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bstract
This research assesses different strategies for reducing methane emission from rice cultivation that might reduce climate change.
he methane emission is calculated during the period from 1990 to 2010, based on the Egyptian National Greenhouse Gas Inventory
f year 1990. Management of the produced rice straw is also covered to combat methane emission from burning rice residues in the
eld. The proposed mitigation strategies for methane emission from rice cultivation are water management, fertilizer management
nd short duration rice varieties. These mitigation strategies were assessed in terms of environmental sustainability impact using
he Weighted Summation Method.
Based on the multi-criteria evaluation, the best mitigation strategy for methane emission is the short duration rice variety which
as the greatest utility or of the highest score. Meanwhile, fertilizer management strategy or switching from urea to ammonium
ulfate fertilizer has the second highest score and followed by the midseason drainage strategy.
The research results revealed that farmer acceptance or participation in applying different mitigation strategies is the cornerstone
f this aspect. Meanwhile farmer awareness is essential for adaptation with climate change.
 2013 National Water Research Center. Production and hosting by Elsevier B.V. All rights reserved.
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.  Introduction
Atmospheric methane (CH4) is recognized as one of the most important greenhouse gases and may account for
0% of anticipated global warming and climate change (IPPC, 1998). Flooded rice fields are a significant source of
tmospheric CH4. The emission is the net result of opposing bacterial processes, production in anaerobic microenvi-
onments, consumption and oxidation in aerobic microenvironments. Both can be found side by side in flooded rice
oils. The objective of this research is to propose mitigation strategies for reduction of methane emission from rice
ultivation and from burning rice straw in Egypt. It is also further meant to assess their impacts on climate change.
E-mail address: dr eman30@hotmail.com
eer review under responsibility of National Water Research Center.
110-4929 © 2013 National Water Research Center. Production and hosting by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.wsj.2013.12.007
70 E. Hasan / Water Science 27 (2013) 69–77
2.  Related  work
Primarily, literature, in the field of climate change due to emissions, was reviewed. Many articles in the different
journals, periodicals, and magazines were assembled and reviewed. Also, many reports from the different authorities
and organizations were studied.
Based on the revised literature, it was found that many researchers investigated the climate change due to emissions,
locally and worldwide. Among these researchers were, the following:
• Wassmann et al. (2000) and Aulakh et al. (2001) outlined that methane (CH4) gas substantially affects the radiate
budget of the Earth and has predominant impact on the global warming in comparison to other greenhouse gases
(GHG). Methane is a greenhouse gas that is about 25 times more potent than carbon dioxide (CO2).
• El-Fadel and Massoud (2001) stated that Methane has an atmospheric life of about 12 years. About 70% of the
global CH4 emissions are from anthropogenic sources and 30% from the natural sources.
• Mitra et al. (1999) mentioned that there are several sources of methane emission leading to its build up in the
atmosphere. Among them rice fields are considered to be the important contributors where large quantity of methane
is generated. Rice-cultivated area is steadily increasing all over the world to meet the food requirement of the growing
world population.
• The Intergovernmental Panel on Climate Change (IPCC, 1998) estimated the global emission rate from paddy
fields at 60 Tg/yr, with a range from 20 to 100 Tg/yr. This is about 5–20 per cent of the total emission from all
anthropogenic.
• EEAA (1999) mentioned that rice is a staple food for Egyptian people and all rice fields are irrigated by continuous
flooding which results in methane emission amount of 189 Giga gram (Gg) according to Egyptian National GHG
Inventory 1990/91.
• EEAA (2010) gave Fig. 1 that presents the GHG emissions by gas type for year 2000 in Egypt, carbon dioxide gas
(CO2) represents 66% of emissions, methane (CH4) represents 20%, nitrous oxide (N2O) represents 13% and PFCs)
represents 1%.
• El Dorghamy (2007) reported that after rice is harvested, rice straw and rice husk residues remain. These residues
are commonly incorporated back into the soil or burned. When incorporated, methane is produced as decomposition
occurs under waterlogged conditions; when burned, methane and soot develop that contribute to climate change.
This research differs from others pervious work as it will consider farmer’s opinions and participation in applying
different mitigation strategies for methane emission from rice fields in Egypt through designed questionnaire. It will
estimate methane emission from rice cultivated fields in Egypt during the period from 1990 to 2010 and its emission
values from burning rice straw will also be calculated.
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Fig. 1. Egypt’s GHG emissions percentage by gas type for year 2000.
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.  Methodology
.1.  Investigating  the  emission  mechanism
Methanogenesis, the scientific term for methane production, occurs primarily in anaerobic conditions because of
he lack of availability of other oxidants. In these conditions, microscopic organisms called archaea use acetate and
ydrogen to break down essential resources in a process called fermentation. Acetoclastic methanogenesis, certain
rchaea cleave acetate produced during anaerobic fermentation to yield methane and carbon dioxide.
H3C-COOH →  CH4 +  CO2 (1)
Hydrogenotrophic methanogenesis- archaea oxidize hydrogen with carbon dioxide to yield methane and water.
4H2 +  CO2 →  CH4 +  2H2O (2)
Flooding of rice fields cuts off oxygen supply from the atmosphere to the soil, which leads to anaerobic fermentation
f organic matter in the soil, resulting in the production of methane (Ferry, 1992) and much of it escapes from the soil
nto the atmosphere via gas spaces in the rice roots and stems, and the remainder CH4 bubbles up from the soil and/or
iffuses slowly through the soil and overlying flood water (Fig. 2).
.2.  Estimating  emission
The U.S. Environmental Protection Agency (EPA) developed emissions estimates and/or projections using the 1996
PCC Tier One methodology and available activity data to estimate emissions.
The basic equation to estimate emissions from rice cultivation is as follows:
Methane emission =
∑
i,j,k
(Emission factor ∗  Annual Area Harvested ∗  10−12) (3)
here i, j, and k represent different ecosystems, water management regimes, and other conditions under which CH4
missions from rice may vary. Assuming that the emission factors do not change, the drivers for determining fugitive
ethane emissions from rice cultivation are the type and amount of area harvested, which depends on rice demand,
mount of available land, and typical yields.
Scheehle (2002) applied the population growth rates to the historical emissions attributed to rice cultivation in Egypt,
o develop projections at five-year intervals from 2000 to 2020 (Table 1).
Bachelet and Neue (1993) used two other methodologies:
.2.1. Emission  on  a  production  basis
Methane produced (g) =  Rice produced (g) ∗  Emissions factor (g CH4 per g rice) (4)
Fig. 2. Methane emission from rice cultivation. After Van der Gon and Neue (1996).
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Table 1
Methane emissions from rice cultivation of Egypt from 1990 to 2020 in Gg (CH4).
Year 1990 1995 2000 2005 2010 2015 2020Egypt 190 185 180 194 208 220 233
or
Methane produced (g)
=  Organic matter incorporated into soil (g) ∗  Emissions factor (gCH4 per g organic matter) (5)
3.2.2.  Emission  on  an  area  basis
Methane produced(g) = Area cropped in hectare (ha) ∗  portion of year under anaerobic conditions
∗ Emission factor (g CH4 per ha per unit time) (6)
3.3.  Estimation  of  methane  emission  during  1990–2010
The methane emission factor is calculated according to Egyptian National GHG of year 1990/91. The baseline for
estimating methane emission is the rice cultivated area and production of the same year. Table 2 shows the baseline
condition.
During the period from year 1990 till 2010 Egyptian population increased by about 32% according to the World
Bank statistics, rice cultivated area was also increased from 435,908 ha in the year 1990 to 745,092 ha in the year 2008
with an increasing ratio of 41.5% as recorded by the Food and Agricultural Organization (FAO), (FAOSTAT) as in
Fig. 3 and consequently the methane emission also increased.
Fig. 4 presents the annual estimated methane emission from rice cultivation on area and production bases. EPA
emission projection is also shown in the figure. The greatest value of methane emission was in the year 2008 of value
432.81 Gg and was calculated based on rice production.
3.4.  Investigating  emissions  from  rice  straw  burning
Rice straw is the only organic material available in significant quantities to most rice farmers. The average straw
to grain ratio in the period 1974 till 2003 was estimated to be about 0.6 for Egypt (AWRU, 2005). When burning rice
straw a “black cloud” of thick smoke results from burning harvest waste products such as rice stalks.
It appeared for the first time in October or November of the 1999. Stahl and Ramadan (2007) reported that in Egypt,
methane emission from rice straw burning lies in the range from 0.7 to 4 (kg/t straw, dry matter). Based on this range
of methane emission, Fig. 5 presents the methane emission when burring production of rice straw during the period
from 1990 till 2010, the maximum production of rice straw was in the year 2008 with value of 4.35 million ton. The
methane emission for this year was in the range from 3046 ton to 17,408 ton.
Table 2
Baseline for methane emission factor.
Year Rice cultivated Area (ha) Rice production (ton) Methane emission (Gg) Egyptian population (million capita)
1990 435,908 3,167,420 189 56.414700
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Fig. 3. Rice cultivated area, production and Egyptian population during the period 1990–2010.
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Fig. 4. Estimated methane emission from rice cultivation during the period 1990–2010 in Egypt.
.5.  Proposing  mitigation  strategies
With increasing Egyptian population, reductions in rice agriculture remain largely untenable as one methane emission
eduction strategy. In this research, the proposed strategies for reducing methane emission from rice cultivation are as
ollowing:.5.1. Midseason  drainage
In common practice, water is drained out of the field during vegetative period. Shifting drainage time from vegetative
eriod to reproductive period can reduce methane production and emission. Shorten drainage day also help reduce
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Limit (Gg)Fig. 5. Methane emission from burning rice straw in Egypt.
nitrous oxide emission. The effect of midseason drainage are in controlling nitrogen absorption, keeping oxidative soil
condition, increasing productivity and quality of rice and decreasing methane emissions (Nagata, 2010). Wassmann
et al. (2009) reported that midseason drainage and intermittent irrigation reduce methane emission by over 40%.
3.5.2. Fertilizer  management
In Egypt, studies indicate that by switching the N-fertilizer from urea to ammonium sulfate (NH4)2 SO4, a substantial
reduction in methane emissions can be achieved, up to 55% (EEAA, 1999). Inhibitory effect of sulfate in CH4 formation
causes 10–67% reduction in methane emission when ammonium sulfate is used instead of urea, Wassmann et al. (2000).
3.5.3. Crop  management  (short  duration  varieties)
Generally, methane emissions are proportional to the number of days the crop is flooded. By switching from long
duration varieties to short duration varieties of rice cultivars, the number of flooded days will decrease. Normally, the
paddy soil should be dry for a month before harvesting, which equals one fourth of the growing season of the short
duration varieties. Thus, by converting to short duration varieties like Sakha 102, methane emissions will be decreased
by about 25% (EEAA, 1999).
Badawi and Ghanem (2001) reported that by substituting long duration variety Giza 171 (160 days) with Giza 177
or Sakha 102 (120 days) could save about 20% of the irrigation water.Table 3 shows the possible mitigation strategies for methane emission from rice cultivation and their reduction
percentage according to the specified references.
Table 3
Proposed mitigation strategies.
No. Mitigation strategy Reduction % of methane emission References
1 Midseason drainage 40 Wassmann et al. (2009)
2 Fertilizer management (Switch from Urea to
Ammonium sulfate)
55 EEAA (1999)
10–67 Wassmann et al. (2000)
3 Crop management (short duration varieties) 25 EEAA (1999)
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3.6.  Assessment  of  mitigation  strategies
The mitigation strategies for methane emission were evaluated using Weighted Summation Method (WSM). The
utility of each strategy Uj is determined by the summation of the weighted numerical values of each criterion. The
strategy which has the greatest utility is the best one.
Uoptimal =  max Uj for all j, Uj =
∑i=m
i=1 Uij ∗  Sij (7)
where Sij is the standardized value of criterion score (rij).
The standardize method used, when the higher is better:
Standradized score = score −  min score
max raw ∗  score −  min raw ∗ score (8)
And when the lower is the better:
Standradized score = max raw ∗  score −  score
max raw ∗  score −  min raw ∗  score (9)
The first standardization method yields results where the highest level is equal to 1 and the lowest level is equal
to 0. This formula is useful in standardizing the evaluation matrix that will be analyzed by the Weighing Summation
Technique, which will be used in this study (Voogd, 1983).
The evaluation of different mitigation strategies are based on a set of multi criteria as following:
• Methane emission factor
• Rice productivity
• Rice water requirement
•  Total cost of each strategy
• Farmer acceptance (participation)
Methane emission factor can be defined as the annual emission of methane per source, it is calculated either on area
or production basis as illustrated early in this research.
Rice productivity is the average quantity of rice which produced per Fadden.
Rice water requirement is the total water needed for evapotranspiration from planting to harvesting for rice in a
specific region, when adequate soil water is maintained by rainfall and/or irrigation so that it does not limit plant growth
and crop yield.
Total cost of each strategy is the total cost of rice cultivation according to this strategy.
Farmer acceptance or participation is the acceptance or farmer behavior in this strategy.
4.  Results  and  discussion
In the evaluation process all criteria were given the same weight. Table 4 shows the default values of each criterion
and the impact of each proposed mitigation strategy on each criterion. The methane emission factor was calculated
on production base of value 59.67 kg CH4/ton rice. While, the average rice productivity in Lower Egypt is 4 ton/fed.
Table 4
Impact matrix.
Criteria Unit Default condition Proposed strategies
Midseason
drainage
Fertilizer
management
Short duration
varieties
Methane emission factor Kg CH4/ton rice 59.67 35.80 32.82 44.75
Rice productivity Ton/fed 4.00 4.00 4.00 4.21
Rice water requirement m3/fed 5221 5221 5221 4176.80
Total cost L.E 4073 4073 4073 4000
Farmer acceptance (participation) Numerical scale Not calculated 0 0 0.93
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Table 5
Standardized matrixes (appraisal matrix).
Criteria Proposed strategies
Midseason drainage Fertilizer management Short duration varieties
Methane emission factor 0.75 1 0
Rice productivity 0 0 1
Rice water requirement 0 0 1
Total cost 0 0 1
Farmer acceptance 0 0 1
Total score 0.75 1 4
(MALR, 2009) and the rice water requirements equals 5521 m3/fed. According to the water duty tables of Ministry
of Water Resources and Irrigation (MWRI, 2003). The total cost of rice cultivation is 4073 L.E (MALR, 2010).
Farmer acceptance or participation was investigated and determined in rice cultivation fields located in Damanhor
Governorate through a pre-designed questionnaire which contains all information about rice production requirements.
This information covers types of rice varieties, used chemical fertilizers and irrigation and drainage applications. The
questionnaire was distributed to twenty nine farmers and a statistical analysis of the collected data from the gathered
questioners was carried out through SPSS package. As farmer acceptance is not a quantitative criterion, numerical
scale was used as zero for completely refusing and 1 for accepting to use any strategy.
The impact matrix is filled with the impact score. These scores describe the impact of each mitigation strategy on
each criterion. For each mitigation strategy the score of methane emission factor is as follow:
Score of methane emission factor =  Default condition ∗  (100 −  reduction%) (10)
While the score of rice water requirement equals default condition value multiply improvement percentage if exist.
Score of rice water requirement =  Default condition one ∗  Improvement percentage (11)
Improvement percentage =  100 −  reduction% in water requirement (12)
Score of farmer acceptance extracted from SPSS package’s results which proved that about 93% of farmers in the
questionnaire area used the available variety (Giza 177) and the remaining 7% cultivated Japonica variety. All farmers
used Urea as chemical fertilizer because of its availability in markets and solubility in irrigation water. For midseason
drainage, farmers don’t know or use this application before.
Table 5 shows the standardized matrix, which filled with the scores after the standardization process. As all criteria
have the same weight, so the standardized and the appraisal matrices are the same. It could be seen from the appraisal
matrix presented in Table 5 that ranking of the proposed mitigation strategies is as follows:
1. Short duration varieties
2. Fertilizer management
3. Midseason drainage
Based on the multi-criteria evaluation the best mitigation strategy for methane emission is the strategy which has
the greatest utility or of the highest score. Short duration rice varieties have the highest score and with this technology,
methane emission is reduced by about 25%, rice water consumption reduced by 20% without any reduction in rice
productivity. Meanwhile, fertilizer management strategy or switching from urea to ammonium sulfate fertilizer is in
the second ranking and followed by the midseason drainage.
In this research, ranking of mitigation strategies was affected to great extent with the environment of rice cultivation
and of farmer’s behavior in Egypt. As farmer is the corner stone in the process of rice cultivation and production
starting from the selection of rice variety, fertilizer type and irrigation and drainage process. All the mentioned items
affect methane emission from rice fields.
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.  Conclusion  and  recommendations
This research covered the methane emission from rice cultivation in Egypt during the period from 1990 to 2010. The
stimated emission was based on the Egyptian National Greenhouse Gas Inventory of year 1990. Different mitigation
trategies for methane emission from rice cultivation were proposed and evaluated. These mitigation strategies are water
anagement, fertilizer management and short duration rice varieties. Weighted Summation Method was used to assess
hese mitigation strategies in terms of environmental sustainability and economic impact. Based on the multi-criteria
valuation the best mitigation strategy for methane emission is the short duration rice variety which has the greatest
tility or of the highest score. Meanwhile, fertilizer management strategy or switching from urea to ammonium sulfate
ertilizer has the second highest score and followed by the midseason drainage strategy.
The main problem with applying different mitigation strategies for methane emission from rice cultivation is the
ocial aspect of farmer acceptance. We have to aware and convince farmers with the problem of methane emission from
ice cultivation, burning rice straw and its relation to climate change. Consequently the impact of climate change on
he irrigation water availability and the necessity of switching from one fertilizer to another or rice variety to another.
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